The Laser Beam Melting (LBM) Additive Manufacturing technology for metal processing is based on the local application of an intense laser beam, causing a characteristic microstructure, which can achieve higher mechanical properties than conventionally manufactured equivalents. The material is created incrementally in sections that are processed with different manufacturing parameters. This paper proposes the creation of Designed Materials by varying the manufacturing parameters and exposure strategy in order to induce a gradient or a local change of properties by designing the microstructure. Such materials could also be created by changing the material topology on a micro-, meso-, or macro-scale, or on multiple scales at once. This enables systematic creation of material types like Functionally Graded Materials (FGMs), Metamaterials, or other Designed Materials, in which characteristics can be varied locally in order to create a customized material. To produce such materials by LBM, it is necessary to gain a detailed understanding about the influence of the manufacturing parameters. Experimental studies have been carried out to investigate the melt pool geometry and microstructure resulting from the exposure parameters. Based on the results, parameter sheets have been derived, which support the process of finding optimized parameter sets for a specific purpose. General methods and their ability to influence the material structure and properties were tested and evaluated. Furthermore, the resulting change of the microstructure was analyzed and a first Graded Material was generated and analyzed to show the potential and possibilities for Designed Materials on multiple scales by Laser Beam Melting.
Introduction

State of the Art Regarding Laser Beam Melting
Additive Manufacturing (AM) technologies are based on an incremental joining of material, and are therefore contrary to subtractive manufacturing techniques (ASTM F2792-12a). Metal powder bed fusion (PBF)-based AM techniques can be used to create structural material out of metallic powders like aluminum, titanium, maraging steel, stainless steel, or nickel alloys with relative densities >98%. Laser Beam Melting (LBM) is currently the most common PBF process and is capable of providing a comparable material quality to conventional manufacturing techniques, e.g., casting [1, 2] . LBM processes metallic powder layers using a laser beam, generating solid material on an optionally heated base plate. The local application of a high-energy source and resulting high cooling rates of melted material induce a characteristic microstructure, resulting in different but competitive mechanical properties like tensile strength and ductility compared with conventionally manufactured alloys [1, 2] . Therefore, LBM is at the edge of initial small batch productions [1, 3] in several industry sectors [4] . Due to the incremental creation of material by using a spot-like energy source (laser beam), the process control and resulting material characteristics are intricate. The exposure parameters (laser power and exposure speed) in combination with the arrangement of laser tracks (exposure strategy), which are necessary to create a volume using a spot-like energy source, define the final material structure and, therefore, its characteristics. The discrete control over countless volume elements at microscale is a challenge in terms of the complexity of process control, planning, and the simultaneous holding potential for the creation of customized materials.
Methodology Proposistion Regarding Designed Materials
The incremental nature of the LBM process facilitates the generation of local material properties and microstructures to meet specific demands. This potential is pointed out by the VDI (Verein Deutscher Ingenieure) [3] as well as in the draft for the ISO/DIS 20195. Based on these sources, this work proposes the following methodological possibilities to create materials for a specific demand.
Material characteristics could be implemented on several scales as shown in Figure 1 . On a microscale (Scales 1 and 2), phase and grain size distributions as well as cavities can be influenced in their form, size, and distribution. These microscopic characteristics can be varied locally in the form of gradients, periodic arrangements, or other demanded layouts on micro-to mesoscale (Scale 3). Furthermore, geometrical shapes can be realized on meso-and macro-levels due to the enhanced design freedom of AM technologies (Scales 4 to 6). Thus, manufacturing technologies of an incremental nature carry the potential for a controlled material design and, therefore, for customized and optimized material types like Functionally Graded Material (FGM), Intelligent Materials, or Mechanical Metamaterials. Proposed levels of influence to create a Designed Material. Based on these approaches, a material can be designed and optimized for a specific purpose or demand.
The approaches on Scales 4 to 6 are of a geometrical nature and can therefore be realized by the increased design freedom of AM. However, first trials showed that the topology, size, and distribution of porosities can be influenced by manufacturing parameters, exposure strategy, and by geometrical methods by providing precise exposure gaps (Scale 2). The phase and grain size distribution is dependent on the cooling rate and can therefore be impacted by manufacturing parameters and exposure strategy (Scale 1). A layer-wise variation of these settings or variation by defining areas of different parameter settings enables the creation of local material characteristics (Scale 3).
Relevant Preliminary Work Regarding Designed Materials
As outlined by the VDI (Verein Deutscher Ingenieure) [3] , work on the application of distinct manufacturing parameters in order to create specific material properties is scarce. However, the first FGMs manufactured by LBM were realized by Popovich [5] , consisting of an anisotropic structuring of grain size in tensile specimens, which showed promising results. Zhang [6] indicates the benefits of a Bimodal Structure Topology, combining the advantages of fine-grained and coarse-grained microstructures. Zhang [6] used sintering as a manufacturing technique to realize the arrangement of microstructures in stainless steel.
Microstructures resulting from LBM manufacturing parameters have been investigated intensively over the last years for AlSi10Mg (e.g., by [2, 7] ). However, most of the current studies focus on the optimization of density (e.g., [2, [7] [8] [9] ). Resulting microstructures are investigated for single parameter sets. Buchbinder [2] , Zhang [7] , and Brandl [10] examined the microstructure of AlSi10Mg manufactured by LBM for single parameter sets, which are suitable for high densities.
Thijs [11] investigated the impact of exposure parameters and exposure strategy on the density and resulting texture of the LBM material. The studies indicate that the material texture and, therefore, its mechanical properties can be influenced by exposure strategy as well as exposure parameters. Buchbinder [2] , Zhang [7] , and Thijs [11] also identified a connection between the fine microstructure of AlSIi10Mg manufactured by LBM and the resulting increased hardness.
Alternative approaches inspect material generated by single laser tracks instead of voluminous material, which results from a complex arrangement of laser tracks and, therefore, different interactions. Poprawe [12] and Bliedtner [13] dealt with the theory of the dynamic process in the weld pool for laser beams under feed motion, as well as the heat conduction equation. Poprawe also illustrated the potential to influence the grain size and, therefore, the hardness of AlSi10Mg processed by LBM by a variation in scanning speed. Gong [14] proposed the investigation of single laser tracks in order to achieve a time-and cost-efficient parameter development method. Single laser tracks placed in the first layer of the LBM process were analyzed regarding the melt pool width and surface topology with respect to the visual stability. Keyhole and balling phenomena were observed. Similar to Gong [14] , Kruth [15] classified laser tracks by the outer topology in order to analyze the impact on deformation mechanisms. Gong [14] also proposed the introduction of a general factor, based on the melt pool width, which could be used to determine a suitable hatch distance. However, the results showed that this factor would be dependent on laser power and exposure speed (especially for lower energy densities). According to the author, the reason for this could be the application of the laser tracks in the first layer of powder and, therefore, right onto the building platform, which results in different thermal boundary conditions. Regarding the geometrical features, Gong [14] also pointed out differences between simulated features and actual manufacturing results. For the single laser track method applied in the first layer, it should be kept in mind that the method cannot be applied in all cases, since the alloys of building platform and metal powder do not always match. The dependency of the melt pool depth on the melt pool temperature was investigated by Yadroitsev [16] . Vasinonta [17] proposed the use of process maps based on single laser tracks in order to retrieve manufacturing parameters for LBM in an economic way.
Research Objective
In order to create Designed Materials, it is necessary to gain information about the interaction between laser beam and powder bed. Based on the proposition of Vasinonta [17] , this work focuses on the generation of process maps based on single laser tracks. Instead of concentrating on single parameter sets, a systematic investigation of melt pool size and grain size depending on laser power and exposure speed is conducted for the first time. Single laser tracks are applied under relevant thermal boundary conditions. The retrieved process parameter maps support the selection of parameters for Designed Materials. Since every LBM system exhibits its own characteristics, it is beneficial to generate process maps for each system. Therefore, the methodology has to be economically efficient and based on a minimum number of relevant measuring points. For that reason, the following investigations rest upon statistical experimental designs based on the methodology "design of experiment" (DOE).
Materials and Methods
The following investigations were conducted with a commercial LBM system (EOS M 400) equipped with a 1 kW laser unit (YLR-series, CW-laser, wavelength 1070 nm, Gaussian TEM 00 mode). The samples were manufactured of AlSi10Mg (PSD: D 10 : 12.28 µm; D 90 : 43.22 µm) processed in 90 µm layers, under the influence of a heated building platform (165 • C) and an argon-based inert gas atmosphere (O 2 < 1.2%) to avoid material oxidation. A shield gas stream flowing over the powder bed was applied to remove any side products arising from the welding process. The samples rested for 30 h of manufacturing time under the influence of the heated building platform. For the energy-dispersive X-ray spectroscopy (EDX), an Octane Plus detector on a DSM 962 scanning electron microscope was used.
Quadratic specimens were manufactured according to the machine vendor's parameters as a base material (density 2.64 g/cm 3 ). The last layer was followed by an exposure of multiple single laser tracks. A gap of 3 mm was set between the tracks to prevent any interaction. Two cases with different thermal boundary conditions were examined (see Figure 2) . First, the direct exposure of powder particles and the resulting laser tracks were examined (primary laser tracks). While the solid material features an increased thermal conductivity, the powder layer contains a significant amount of gas; this gas is insulating and therefore causes a minor heat flow to the right side of the laser track ( . Q RS ). Therefore, the cooling rate is dominated by the heat flows Q IGF is dependent on the type of inert gas used and set parameters regarding the speed of the gas flow above the powder bed. In a second experiment, the laser tracks were applied directly on already solidified LBM material (secondary laser tracks). In this setup, the laser tracks were created by a re-exposure of already-generated material, which results from different thermal boundary conditions than for primary laser tracks. As no isolating powder is in contact with the laser track, . Q RS equals . Q LS in the case of the secondary laser tracks. Furthermore, the enthalpy of fusion changes, since already-solidified material is re-melted instead of creating solid material out of powder particles. Secondary laser tracks could be applied as an in situ heat treatment and are, therefore, of special interest.
The cut, ground, polished, and etched specimens were evaluated under an optical light microscope, regarding melt pool dimensions (depth and width) as well as grain size (see Figure 3) . The melt pool dimension does not include heat-affected zones (HAZ) as described by Poprawe [12] . However, the HAZ are not of considerable size for AlSi10Mg. The microstructure shows the characteristic dendritic microstructure of AlSi10Mg manufactured by LBM, consisting of the darker AlSi eutectic and brighter Al phase (see [2, 6, 18] ). A common method to characterize such a dendritic structure would be the dendrite arm distance defined in BDG Richtlinie P220. The method suggests a measurement orthogonal to the main orientation of the visible grains. However, no significant results could be achieved by this method, since the grains seem to grow in the main orientation direction without increasing in width. Therefore, the grain size was determined statistically by the linear intercept method based on binarized images of a magnification of 150× (see Figure 4) . This method enables a statistical determination of the length of the visible grains. Lines are arranged alongside the main orientation of the grains. Each intersection with the AlSi eutectic is marked in order to quantify the statistical mean of the grain size. The parameter investigations are based on two experimental designs. A full factorial design provides data for a quadratic regression and, therefore, information about the process window of 100-900 W laser power and 250-2000 mm/s exposure speed. The second design consists of two sets of single parameter variations at 600 W and 900 W, which are used to validate the regression of the full factorial design. The regression equation is based on the desired dimension d (melt pool width, depth, or grain size), laser power P, and exposure speed v. The constants C n are retrieved by regression.
The experimental design and resulting values regarding melt pool dimension and grain size are listed in Appendix A. The results regarding melt pool dimensions are based on three measured specimens. Appendix A shows the arithmetic means. The application of an Anderson Darling test confirms a normal distribution for the results.
Results and Discussion
EDX Phase Analysis
EDX measurements (Table 1) reveal Si contents of~3 wt % in the Al matrix and~41 wt % in the eutectic area, whereas Tradowsky [18] reports a range between~8 and~12 wt % Si in the as-fabricated material. Furthermore, the study observes 37 wt % Si in the T6 condition. As presented by Hedge [19] , the elemental distribution in an Al-Si alloy influences the mechanical behavior of the material and depends on the thermal history. The material properties will therefore depend on the set manufacturing parameters as well as the used LBM equipment. Figure 5 illustrates the melt pool dimensions for the single parameter variation regarding secondary laser tracks. The results show an increased standard deviation for slower exposure speeds at 250 and 500 mm/s. This could be due to a plasma cloud resulting from the laser-matter interaction, as described in Poprawe [12] , which causes the laser beam to dissipate, resulting in an irregular application of energy. In contrast, increased exposure speeds result in a reduced interaction between plasma and laser beam and can therefore stabilize the process. Furthermore, the results show an increased impact of the laser power on the penetration depth in comparison to the width. The exposure speed reduces the melt pool depth more strongly than the width. The effect can be explained by the heat and wave propagation specified by Bliedtner [13] , in combination with the laser's Gaussian TEM 00 mode. For a better visualization of the data, an exponential fit was applied. The single parameter variation for primary laser tracks shows similar results (see Appendix A).
Melt Pool Dimension
Figures 6 and 7 show the visual results and used data of the quadratic regressions regarding the melt pool dimensions for primary and secondary laser tracks. For an interpretation of the regression results, it should be kept in mind that the regression model is only an approximation. In general, the results show a larger melt pool size with increasing laser power and decreasing exposure speed. As in Figure 5 , the exposure speed shows a higher impact on the melt pool depth than on the width. Primary laser tracks cause an increased melt pool size compared to secondary tracks, especially regarding the depth. This could be due to a lower thermal conductivity for . Q RS induced by the isolating powder layer (see Figure 2 ), as well as the different enthalpy of fusion. The effect is less concise for the width. However, the impact of the process parameters is dominant in comparison to the change of thermal boundary conditions (see Figure 2) . Results regarding the single parameter variation at 600 and 900 Watts are within the coefficient of determination R 2 and therefore do support the regression model (see Table 2 ). Based on the retrieved data, spheres of influence can be defined precisely. In order to influence deeper or wider areas of the material, the power should be increased or the exposure speed decreased. It should be kept in mind, especially for secondary laser tracks, that the exposure of following powder layers can result in an overlap of laser tracks in the building direction, causing a change in the intended microstructure. This effect can be considered based on the retrieved data and, therefore, compensated for.
Keyhole-induced porosity resulting from an application of a high amount of energy or balling phenomena resulting from a low energy application were not observed as reported by Gong [14] . This could be due to several factors. Gong's method is based on single laser tracks applied in the building platform. Therefore, Gong's results do not represent the re-melting of created LBM material. Furthermore, a different alloy is used, the process window is limited to low laser powers, and the layer thickness is not considered. These factors also seem to lead to a different melt pool shape, as well as a different size of the HAZ, which is hardly recognizable for AlSi10Mg (see Figure 3) . Table 2 contains the derived quadratic regression model based on Equation (1). In all regarded cases, the models show a good adaption with a coefficient of determination R 2 between 80% and 95%. The equations regarding the grain size reveal the highest deviation towards the regression points (80% and 82%). This could be due to the fact that the grain size is determined by a statistical method with an increased standard deviation. The melt pool width is significantly impacted by laser power and exposure speed (coefficients C 2 , C 3 , and C 5 ). The depth is also impacted by an interaction of the two process parameters (C 6 ). 
Type of laser track
Melt pool characteristic Figure 8 illustrates the results regarding the grain length for primary tracks in comparison to secondary tracks. The measured results show an increased standard deviation due to the statistical nature of the method. In total, the measurements exhibit an average standard deviation of σ = 0.98. The results reveal that the biggest grain sizes occur at high laser powers and low exposure speeds. A slow application of intense laser power and the resulting increased melt pool size enables a slower cooling rate, resulting in increased grain sizes. However, the results also show an increased grain size for smaller melt pools and lesser energies. The effect could be caused by a different melt pool ratio (depth relative to width, see Figure 3 Q T due to a reduced surface, leading to a slower cooling rate. For primary tracks, this effect is dominated by the parameter exposure speed, while secondary tracks are more strongly impacted by the laser power. This could be caused by different melt pool ratios as well as different thermal boundary conditions (see Figure 2) . Nonetheless, the reason for this difference between primary and secondary laser tracks could also be found in the extensive standard deviation (σ = 0.98).
Grain Size
Increased laser power and low exposure speed causing a deep melt pool show similar results in grain length for primary and secondary laser tracks. Due to the deep melt pool penetration of up to 20 powder layers (~1800 µm melt pool depth), the change in the heat flow . Q RS (due to the rather insulating powder layer in comparison to solid material) seems to have an insignificant impact. In contrast, a parameter setting causing a shallow melt pool (less than~3 powder layers/~300 µm melt pool depth) shows significant difference in grain length. The existence of a thermally insulating powder layer and, therefore, a change in . Q RS , seems to have a significant impact, causing the melt pool to cool down more slowly for primary laser tracks, resulting in increased grain length in comparison to secondary laser tracks. Secondary laser tracks could therefore be of potential value to create a material consisting of a refined microstructure. However, as for the results regarding the melt pool dimensions, the impact of a change in laser power or exposure speed is dominant in comparison to the change of thermal boundary conditions (see Figure 2) . The results regarding the single parameter variation at 600 and 900 Watts are within the coefficient of determination R 2 and therefore do support the regression model (see Table 2 ). The retrieved data suggest that grain size variations between~0.5 µm and~5 µm are realizable. 
Application of Retrieved Data
To demonstrate the application of the retrieved data, the results were used to manufacture a first Designed Material consisting of a controlled arrangement of different grain size distributions. The melt pool dimensions were used to precisely affect the intended volume elements. Quadratic areas consisting of a refined microstructure were implemented in a surrounding consisting of coarser grains (see Figure 9) . A laser power of 900 Watts was applied in both areas. A reduced exposure speed was used in order to increase the grain length. The material was manufactured by primary laser tracks and shows increased porosities compared to usual LBM materials. This could be caused by a bad choice of laser track arrangement (e.g., hatch distance). In further studies, the porosity could be minimized by the use of secondary laser tracks. Manufacturing parameters optimized for a high material density could be used as primary laser tracks followed by the secondary exposure as an in situ heat treatment. An alternative approach would be the adaption of exposure strategies and manufacturing parameters. 
Conclusions
The retrieved data demonstrates the correlation between laser power and exposure speed, and the resulting grain size and melt pool dimensions. The derived parameter sheets and regression models support the process of finding the fitting parameter settings for a precise placement of a desired grain structure (see Table 2 , Figures 6-8) . This method has been tested to create a first Designed Material consisting of areas of different grain sizes.
While the geometrical findings regarding the melt pool geometry are similar for primary and secondary laser tracks, the grain size results reveal different effects for increased exposure speeds in combination with low laser powers. This could be explained by the changing thermal boundary conditions (see Figure 2) and melt pool size. The effect should be validated in further investigations. Compared to the parameters of laser power and exposure speed, the impact of the thermal boundary conditions described in Figure 2 show a minor impact. However, the use of secondary laser tracks and, therefore, changing thermal boundary conditions in combination with shallow melt pool penetration depths (less than~3 powder layers/~300 µm melt pool depth) results in a significant reduction of grain size length. Therefore, secondary laser tracks could enable an in situ heat treatment in order to obtain a refined microstructure.
Continuing studies should analyze the impact of the parameter choice on the density for the regarded process window of increased laser power and layer thickness, since the current literature is concentrating on lower laser powers and layer thicknesses. Further parameters like hatch distance or exposure strategies should be taken into account in order to include the full n-dimensional space and obtain a comprehensive understanding.
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